ABSTRACT: Objectives were to investigate effects of nutritional plane and Se supply during gestation on visceral organ mass and intestinal growth and vascularization in ewes at parturition and during early lactation. Primiparous Rambouillet ewes (n = 84) were allocated to 2 × 3 × 2 factorial arrangement of treatments. Factors included dietary Se [adequate Se (ASe, 11.5 μg/kg BW) or high Se (HSe, 77.0 μg/kg BW)], nutritional plane [60% (restricted; RES), 100% (control; CON), or 140% (high; HIH)], and physiological stage at necropsy (parturition or d 20 of lactation). At parturition, lambs were removed and 42 ewes (7 per treatment) were necropsied. Remaining ewes were transitioned to a common diet which met lactation requirements and mechanically milked for 20 d. In the absence of interactions (P > 0.10), main effects are reported. At parturition, stomach complex and liver masses were greatest for HIH, intermediate for CON, and least for RES (P < 0.02). Small intestinal mass was greater (P ≤ 0.002) for HIH than RES and CON, and greater (P < 0.01) for ASe than HSe. During early lactation, RES and CON gastrointestinal masses increased disproportionally to BW (P < 0.05). At parturition, jejunal mucosal density was less (P ≤ 0.01) for RES than CON and HIH, whereas CON had greater (P < 0.003) jejunal mucosal RNA concentration and RNA:DNA than RES and HIH. Although there were no differences (P > 0.17) at parturition, jejunal cell percent proliferation was greatest in RES, intermediate in CON, and least in HIH (P ≤ 0.09) at d 20 lactation. At both stages, RES had less (P = 0.01) jejunal capillary area density than HIH and less (P ≤ 0.03) capillary surface density than CON and HIH. During lactation, jejunal capillary size was greater (P = 0.04) for ewes previously fed HSe compared with ASe. At parturition, ASe-HIH had greater (P < 0.02) jejunal mucosal endothelial nitric oxide synthase 3 mRNA than all other treatments and greater (P = 0.10) vascular endothelial growth factor (VEGF) than all treatments, except ASe-RES. In addition, CON had less (P ≤ 0.08) jejunal VEGF receptor-1 (FLT1) mRNA compared with RES and HIH, and ASe had greater (P = 0.003) FLT1 than HSe at parturition. Ewes fed HIH had greater (P = 0.04) jejunal VEGF receptor-2 mRNA compared with RES. Results indicate that maternal intestinal growth and vascularization are responsive to nutritional plane and dietary Se during gestation and undergo changes postpartum when under similar lactational management.
INTRODUCTION
Gestational nutrition varies for ruminant livestock based on production system and forage species and availability, which are driven by local weather patterns and forage management. Nutrient intake during gestation can have both positive and negative effects directly on the dam (Wettemann et al., 2003; Hess et al., 2005) and indirectly on the offspring (Godfrey and Barker, 2000; Wu et al., 2006; Caton and Hess, 2010) . The gastrointestinal (GI) tract is not only the site of nutrient absorption but also a large nutrient sink due to its high turnover rate and metabolic activity. Recent research in both sheep and cattle has demonstrated that the ruminant GI tract changes in response to pregnancy (Scheaffer et al., 2003; 2004b) , stage of gestation Meyer et al., 2010b) , and nutrient intake (both total nutrients and specifi c nutrients, such as Se) during gestation (Reed et al., 2007; Carlson et al., 2009) , suggesting that alterations within the GI tract contribute to observed physiological and performance changes in both the dam and offspring. Despite this, little is known about specifi c changes in small intestinal growth and vascularization, or the effects of gestational nutrition on postpartum GI tract growth and function. We hypothesized that the maternal GI tract would respond to nutritional modulation during gestation and would respond differently to a common postpartum diet. Therefore, the objectives of this study were to determine the effects of nutritional plane and Se supply during gestation on ewe visceral organ mass and intestinal growth, vascularity, and angiogenic factor expression both at parturition and on d 20 of lactation.
MATERIALS AND METHODS
Institutional Animal Care and Use Committees at North Dakota State University (NDSU), Fargo, and the USDA-ARS U.S. Sheep Experiment Station (USSES), Dubois, ID, approved animal care and use for this study.
Animal Management and Diets
Ewe management during gestation and lactation has been previously described by Meyer et al. (2010a; 2011) . Briefl y, 84 Rambouillet ewe lambs (age = 240 ± 17 d; initial BW = 52.1 ± 6.2 kg) were sourced from USSES, where they were pen fed either adequate Se (ASe; 3.5 μg Se • kg BW -1 • d -1 , n = 42) or high Se (HSe; 65 μg Se • kg BW -1 • d -1 , n = 42) diets from breeding (d 0) to d 36 of gestation. On d 36 of gestation, ewes were shipped from USSES to the Animal Nutrition and Physiology Center at NDSU for the remainder of the experiment.
At NDSU, ewes were individually housed (0.91-× 1.2-m pens) in a temperature-controlled (12 to 2°C) facility. Ewes remained on their Se treatments (actual intakes: ASe, 11.5 μg Se • kg BW -1 • d -1 ; HSe, 77.0 μg Se • kg BW -1 • d -1 ) and on d 40 of gestation were assigned randomly to 1 of 3 nutritional plane treatments, supplying 60% (restricted; RES), 100% (control; CON), or 140% (high; HIH) of nutrient requirements (NRC, 1985) , except for Se. Within each Se and nutritional plane treatment, onehalf of the ewes were assigned to be slaughtered and necropsied at parturition (between 3 and 24 h postpartum) and the remaining ewes were mechanically milked twice daily until slaughter and necropsy on d 20 of lactation. This resulted in a completely randomized design with a 2 × 3 × 2 factorial arrangement of Se supply × nutritional plane × physiological stage at necropsy (ASe-RES, ASe-CON, ASe-HIH, HSe-RES, HSe-CON, HSe-HIH; n = 7 per treatment at parturition, n = 7 per treatment during lactation). Selenium treatments were based on NRC requirements (ASe) and nontoxic supranutritional amounts of Se (HSe) that have previously elicited biological response in sheep (Reed et al., 2007; Neville et al., 2008; Carlson et al., 2009) .
Ewes had free access to water and a trace mineralized salt block containing no additional Se (Roto Salt Company, Penn Yan, NY). During gestation, diets were 2 The high Se and concentrated Se pellets were fed during gestation to meet the high Se treatment. 3 The protein pellet was fed in addition to the adequate Se pellet during lactation to meet the protein requirement of lactating ewes. 4 17.5% minimum NaCl, 21.0% maximum NaCl, 14.8% minimum Ca, 17.7% maximum Ca, 8.0% minimum P, 12 mg/kg min Se, 4,846 IU/kg minimum Zn, 132,159 IU/kg minimum vitamin A, 63,877 IU/kg minimum vitamin D, 661 IU minimum vitamin E; Sheep mineral 12; Hubbard Feeds, Mankato, MN. 5 Estimated using values obtained from the NRC (1985) .
fed once daily at 0800 h in a complete pelleted ration (0.48 cm diam.) and 3 pellet formulations (adequate Se pellet, high Se pellet, and concentrated Se pellet; Table 1) were blended to meet ME and Se amounts dictated by nutritional plane and Se supply treatment of each ewe (Meyer et al., 2010a) . During their time at USSES and NDSU, HSe ewes received Se in the form of Se-enriched wheat millrun, which was prepared at USSES from wheat grown in a seleniferous region near Pierre, SD. Purifi ed selenomethionine was the Se source for the concentrated Se pellet fed at NDSU. Serum Se of ewes at 3 h postpartum was greater for ASe than HSe, as presented in Meyer et al. (2010a) . Within HSe ewes, serum Se was greater for RES and CON compared with HIH.
Nutrient requirements were based on NRC (1985) recommendations for 60-kg BW, pregnant ewe lambs during mid to late gestation (weighted ADG of 140 g/d). Diets were adjusted for BW and gain for each 14-d interval of gestation. Feed refusals were collected daily to calculate intake (feed offered − feed refused), but ewes generally ate the feed offered daily and rarely left refusals. Ewe DMI and nutrient intake are described further by Meyer et al. (2010a; 2011) .
Ewes were monitored closely during lambing and lambs were removed immediately after parturition and before suckling for artifi cial rearing. Both Se supply and nutritional plane treatments were terminated after parturition. Ewes that were assigned to necropsy on d 20 of lactation were transitioned to receive 100% of NRC (1985) requirements for early lactation, provided by the ASe pellet fed during gestation and a lactation protein supplement pellet (Table 1) . A 5-d transition period was used to increase intake from the gestation to lactation amount, and feed was delivered twice daily after each milking at 0500 and 1700 h. Mechanical milking procedures have been described in detail previously (Meyer et al., 2011) .
Visceral Organ Measurements and Tissue Collection
Ewes assigned to necropsy at parturition were slaughtered between 3 and 24 h postpartum, whereas ewes assigned to necropsy during lactation were slaughtered after the morning milking and feeding on d 20 of lactation. At these times, ewes were stunned by captive bolt (Supercash Mark 2; Accles and Shelvoke Ltd., Sutton-Coldfi eld, UK), exsanguinated, and detailed necropsies performed.
Viscera were removed and weighed with digesta before dissection. The liver and pancreas were removed and weighed, and then the stomach complex and intestine were dissected, gently stripped of fat and digesta, and weighed. A 150-cm section of the jejunum was removed for vascular perfusion, mucosal scrape collection, and immersion fi xation (Soto-Navarro et al., 2004; Reed et al., 2007) . The section began at a point on the mesenteric vein 10 cm caudal from its junction with the ileocecal vein and was taken by cutting around the main branches of the mesenteric arcade, including a section of the mesenteric vein. The tissue was placed in a pan of warm PBS, covered with cheese cloth, and returned to the lab for perfusion. A second 150-cm segment was taken after the fi rst jejunal section for measurement of stripped weight.
Demarcations of the 3 sections of the small intestine were made using the modifi ed methods of Soto-Navarro et al (2004) . The duodenum began at the pylorus and ended at the point adjacent to the junction of the gastrosplenic vein and mesenteric vein. Demarcation of the jejunum began here and ended after the second 150-cm sample was taken, as described above. The ileum comprised the remaining small intestine and concluded at its junction with the cecum.
Intestinal Tissue Preparation and Analysis
A 15-cm segment was removed from the cranial end of the 150-cm jejunal sample and opened by cutting along the mesenteric side to expose the luminal surface. The lumen was rinsed with PBS and then weighed. Mucosal tissue was scraped from the intestine using a glass slide, and remaining intestinal tissue was weighed to determine mucosal density. Mucosal scrapes were fl ash frozen by immersion in isopentane supercooled in liquid N 2 , then stored at -80 o C (Reynolds et al., 1990; Reynolds and Redmer, 1992) for cellularity and angiogenic factor mRNA analyses.
Another 15-cm segment was removed from the cranial end of the 150-cm jejunal sample and then rinsed by immersion in PBS. Cross-sections (<1 cm wide) were cut from the jejunal sample with a razor blade and immersed into Carnoy's solution (60% ethanol, 30% chloroform, 10% glacial acetic acid). After 6 h, fi xed tissue samples were transferred to 70% ethanol (EtOH) for storage until embedding in paraffi n.
Vascular Perfusion. The remainder of the 150-cm jejunal section was fi xed via vascular perfusion, using modifi ed methods of Soto-Navarro et al. (2004) . A main branch of the mesenteric artery was dissected away from the surrounding adipose tissue and catheterized with polyethylene tubing (PE-60; o.d. = 1.22 mm, i.d. = 0.76 mm; Becton Dickinson, Sparks, MD). The catheterized vasculature was fl ushed with warm PBS, and the draining vein was dissected and opened to ensure proper fl ow and drainage. Diluted Evan's blue dye (0.05% in PBS, wt/vol; Sigma Chemical Co., St. Louis, MO) was used to visualize vasculature included in the perfusion and then was fl ushed out before pulse infusing Carnoy's solution to fi x the tissue. After allowing the tissue to fi x, sections of well-perfused jejunum were removed. Small cross-sections (<1 cm wide) were immersed into Carnoy's solution until being placed into 70% EtOH after at least 4 h. Cellularity Estimates. Jejunal mucosal scrapes were thawed, homogenized, and analyzed for DNA using diphenylamine (Burton, 1956; Johnson et al., 1997) , RNA using orcinol (Kamali and Manhouri, 1969; Reynolds et al., 1990) , and protein using Coomassie brilliant blue G (Bradford, 1976) with BSA (Fraction V, Sigma Chemical) as the standard (Johnson et al., 1997) . The concentration of DNA was used as an index of hyperplasia and protein:DNA and RNA:DNA ratios were used as indices of hypertrophy (Swanson et al., 2000) .
Proliferation and Vascularity. Jejunal tissues immersion fi xed in Carnoy's solution were embedded in paraffi n (Reynolds and Redmer, 1992) , from which 5-μm tissue sections were cut, mounted on glass slides, and prepared for staining procedures (Fricke et al., 1997; Scheaffer et al., 2003) . Prepared tissues were treated with a blocking buffer of PBS and 1.5% normal horse serum (Vector Laboratories, Burlingame, CA), then incubated with mouse antiproliferating cell nuclear antigen monoclonal antibody (Clone PC-10; Roche Diagnostics Corp., Indianapolis, IN) at 1 μL/mL of blocking buffer. Primary antibody was detected using a biotinylated secondary antibody (horse antimouse immunoglobulin G, Vectastain; Vector Laboratories) and Avidin-Biotin Complex system (Vectastain; Vector Laboratories). Nuclear Fast Red was used as a counterstain to visualize unlabeled nuclei. Cellular proliferation was then quantifi ed (5 images/ewe) using Image-ProPlus 5.0 software (MediaCybernetics Inc., Silver Spring, MD).
Cross-sections of perfusion-fi xed jejunal tissue were processed as above and 5-μm tissue sections were stained using periodic acid-Schiff's (Luna, 1968) staining procedures to contrast the vascular tissue. Mean capillary area, number, and circumference measurements made in the intestinal villi (5 images/ewe) using the Image-Pro Plus software were used to calculate capillary area density, capillary number density, capillary surface density, and area per capillary.
Angiogenic Factor mRNA Expression. Jejunal mucosal samples were analyzed using quantitative realtime reverse transcription PCR for mRNA expression of vascular endothelial growth factor (VEGF), VEGF receptor-1 (fms-related tyrosine kinase 1, FLT1), VEGF receptor-2 (kinase insert domain receptor, KDR), endothelial nitric oxide synthase 3 [NOS3; produces nitric oxide, (NO)], and soluble guanylate cyclase (GUCY1B3; NO receptor), as previously described by Neville et al. (2010) , using previously published Taqman probe and primer sequences (Redmer et al., 2005) . Modifi ed methods of Redmer et al. (2005) and Borowicz et al. (2007) were used to extract and quantify mRNA. TaqMan reagents and procedures (Applied Biosystems, Foster City, CA) were used to perform a multiplex reaction. Frozen jejunal mucosal samples had total cellular RNA (tcRNA) extracted using TriReagent (Molecular Research Center, Cincinnati, OH), which was then quantifi ed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Wilmington, DE) . Approximately 30 ng of tcRNA from each sample was reverse transcribed and then polymerization and amplifi cation reactions were conducted in a 96-well PCR plate, using the Applied Biosystems ABI Prism 7000 sequence detector. Forty cycles (50 cycles for NOS3 and GUCY1B3) were performed at 60°C for hybridization and polymerization. Expression of each angiogenic factor was normalized to expression of 18S in a multiplex reaction using the human 18S predeveloped assay reagent (Applied Biosystems). The predeveloped assay reagent solution, which is primer limited and contains a VIC-labeled probe (a proprietary reporter dye; Applied Biosystems), was further adjusted by using one-fourth the normal amount so that it would not interfere with amplifi cation of the 6-carboxy-fl uorescein (FAM)-labeled gene of interest. The multiplex reaction was also used to prepare standard curves for 18S and the gene of interest, based on dilutions of cDNA obtained from reverse transcription of RNA obtained from pooled late-pregnancy sheep placentomal tissues. Each sample was analyzed in triplicate.
Calculations
Digesta weight was calculated by difference (total full viscera weight − visceral tissues after stripping of digesta contents). Empty BW (EBW) was determined by subtracting digesta weight from the fi nal BW obtained before slaughter. Total GI tract mass was calculated as the sum of the empty stomach complex, small intestine, and large intestine individual masses.
Jejunal mucosal total DNA, RNA, and protein were calculated by multiplying jejunal mass by mucosal density to determine total mucosal mass. Total mucosal mass was then multiplied by DNA, RNA, and protein concentrations to yield their total jejunal mucosal content.
Total jejunal mucosal cell number was calculated by dividing the estimated total DNA (jejunal DNA concentration × jejunal mass) by 6.6 × 10 -12 g (Baserga, 1985) . Total jejunal mucosal cell number was then multiplied by the percentage of proliferating nuclei to determine the total number of jejunal mucosal proliferating nuclei.
To express vascularity as a percentage, capillary area density was calculated as the total capillary area (μm 2 ) divided by the tissue area analyzed (μm 2 ) and multiplied by 100 (Scheaffer et al., 2004a; Soto-Navarro et al., 2004) . Capillary number density was determined by dividing the total number of vessels counted by the tissue area analyzed (μm 2 ) and multiplying this by 1,000,000 to yield capillaries per millimeter 2 . The capillary surface density, or total capillary circumference per unit of tissue area, was calculated as capillary circumference (μm) divided by the tissue area analyzed (μm 2 ). Although this measure represents the circumference of capillary cross-sections, it is proportional to capillary surface area . Area per capillary was also determined by dividing total capillary area (μm 2 ) by capillary number. Total jejunal vascularity was calculated as the capillary area density multiplied by jejunal mass.
Statistical Analyses
Ewes that gave birth to twins (n = 3) were removed from the data set. One ewe was found to be open and removed from the study, and another ewe was not necropsied postpartum due to dystocia-related problems. This resulted in the following ewe numbers for each treatment and sample type: ASe-RES (parturition: 5, lactation: 7), ASe-CON (parturition: 7, lactation: 7), ASe-HIH (parturition: 6, lactation: 7), HSe-RES (parturition: 6, lactation: 7), HSe-CON (parturition: 7, lactation: 7), HSe-HIH (parturition: 6, lactation: 7).
All data were analyzed as a 2 × 3 × 2 factorial design using a general linear model (SAS Inst., Inc., Cary, NC) with ewe Se supply (ASe vs. HSe), nutritional plane (RES vs. CON vs. HIH), physiological stage at necropsy (parturition vs. lactation), and their interactions as fi xed effects in the model. Means were separated using LSD and considered signifi cant when P ≤ 0.10. In the absence of interactions (P > 0.10), signifi cant main effects are reported; otherwise, interactive means are discussed.
RESULTS AND DISCUSSION
Previously published data from the present study have described responses of ewe BW, body composition, and milk production, as well as lamb birth weight and growth, to nutritional plane and Se supply during gestation (Meyer et al., 2010a; 2011) . Alterations of ewe visceral organ growth and small intestinal vascularity presented here aid in understanding of the physiological mechanisms involved in these overall production differences.
Visceral Organ Mass
The main effect of necropsy stage and its interactions did not affect (P ≥ 0.15) ewe fi nal BW (Table 2) or EBW (Table 3) . Although ewes had similar BW when nutritional plane treatments were initiated on d 40 of gestation (Meyer et al., 2010a) , ewe BW and EBW at necropsy were greatest for HIH (P < 0.001), intermediate for CON (P < 0.001), and least for RES (P < 0.001). The interaction of nutritional plane × necropsy stage did, however, affect (P ≤ 0.002) stomach complex, large intestinal, total empty GI tract, and liver masses (Table  2 ) and proportional masses (g/kg EBW; Table 3 ).
Regardless of necropsy stage, nutritional plane × Se supply also interacted to affect (P = 0.06) stomach complex mass. Within both Se supply treatments, stomach complex mass was greatest for HIH (P ≤ 0.01), intermediate for CON (P ≤ 0.05), and least for RES (P ≤ 0.05). However, ewes fed HSe had greater (P = 0.06) stomach complex masses than ASe within HIH ewes. Proportional pancreatic mass (Table 3) was also impacted by the main effect of nutritional plane (P < 0.001), where ewes fed the RES nutritional plane during gestation had the greatest (P < 0.05) pancreatic mass, CON were intermediate (P < 0.05), and HIH were least (P < 0.001). This, combined with the pancreas data in Table 2 , demonstrates that unlike most other visceral organs, pancreas mass stayed relatively constant, despite nutritional plane. Although nutrient restriction has previously reduced pancreatic mass in ruminants (Reed et al., 2007; Carlson et al., 2009; Meyer et al., 2010b) , this was not observed in the current study. The main effect of Se affected (P = 0.07) proportional empty GI tract mass, and ewes fed ASe during gestation had greater GI tract mass (g/kg EBW) than HSe.
Parturition. Nutritional plane during gestation had a greater impact on visceral organ mass within 24 h of parturition than did Se supply, in agreement with previous work in our laboratory (Reed et al., 2007; Neville et al., 2008; Carlson et al., 2009) . Although Se supply affected small intestinal mass (see below), nutritional plane infl uenced all visceral organ masses, except for the pancreas. It is important to note that nutrient content and dietary bulk increased similarly with nutritional plane in the present study, as these factors may act independently or interact to affect gastrointestinal size and function in ruminants (Rompala et al., 1988 (Rompala et al., , 1990 Han et al., 2002) .
Total empty GI tract mass at parturition (Table 2 ) was separated by nutritional plane, where ewes fed the HIH plane of nutrition had the greatest (P < 0.001) total GI tract mass, CON was intermediate (P < 0.05), and RES was least (P < 0.05). This was driven by changes in stomach complex mass (P < 0.05; Table 2 ), mirrored liver mass (P < 0.05; Table 2 ), and is in agreement with previous studies in which GI tract mass has followed nutritional plane in both gestating (Scheaffer et al., 2004b; Reed et al., 2007; Caton et al., 2009 ) and growing (Burrin et al., 1990; Johnson et al., 1990; Swanson et al., 2000) ruminants. In the present study, large intestinal mass at parturition (Table 2) increased (P ≤ 0.001) in ewes fed the HIH nutritional plane but was Within an item, main effect means differ (P < 0.10).
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Within an item, interactive means differ (P < 0.10). unaffected (P = 0.25) by RES. This is concurrent with previous work in which large intestinal masses are not always reduced in response to nutrient restriction during gestation (Scheaffer et al., 2004b; Meyer et al., 2010b) . There were no differences (P > 0.20) in proportional total empty GI tract or large intestinal masses (g/kg EBW; Table 3 ) at parturition. At parturition, ewe liver mass (g/kg EBW; Table 3 ) was greater (P ≤ 0.05) for HIH compared with RES and CON, and stomach complex mass (g/kg EBW; Table 3 ) was greater (P = 0.09) for HIH than CON ewes, indicating a disproportionate increase compared with BW during overnutrition. Changes in liver mass likely refl ected changes in liver glycogen content and possibly water content. In addition to its many roles in general metabolism, increased liver mass is physiologically signifi cant because it likely contributes to alterations in the endocrine profi le of overnourished ewes through increased hormone metabolism Reynolds et al., 2010) .
Lactation. When ewes were transitioned to common diets postpartum, total GI tract and individual organ masses (Table 3) increased (P ≤ 0.01) for ewes that were fed RES or CON (except for liver) during gestation. After 20 d of similar management in early lactation, RES ewes still had less stomach complex mass (P < 0.005) than CON and HIH, and less total GI tract mass than CON (P = 0.08). During early lactation, HIH ewes also had greater (P ≤ 0.009) liver mass than their counterparts, despite a postpartum decrease (P = 0.001) in liver mass. Large intestinal masses were similar (P > 0.46) for all previous planes of nutrition during lactation, suggesting that the large intestine increased under the infl uence of intake and lactation more rapidly than the stomach complex and liver. Because milk production is a water-demanding process (NRC, 2000) , increased large intestinal mass during lactation may allow for greater water absorption.
In order for all ewes to meet nutrient requirements of lactation, postpartum DMI increased dramatically for ewes that were fed either a restricted or control plane of nutrition during gestation, whereas DMI only increased slightly for ewes that received a HIH nutritional plane during gestation (Meyer et al., 2010a) . Changes in GI tract mass have been observed as soon as 7 to 14 d after change in DMI (Burrin et al., 1990) ; thus, 20 d was enough time to illicit changes. Visceral organs are also known to increase in mass during early lactation (Gibb et al., 1992; Reynolds et al., 2004) , although this is often confounded with the voluntary postpartum increase in DMI. Additionally, much of the increased BW observed during compensatory growth of nutrient-restricted and realimented growing ruminants has been attributed to increased GI organ masses and gut fi ll (Carstens et al., 1991) . Thus, ewes fed RES or CON nutritional planes during gestation were exhibiting a similar compensatory response to increased DMI postpartum.
Ewes that were fed RES or CON during gestation had greater (P < 0.001) total GI tract, stomach complex, and large intestinal masses (g/kg EBW; Table 3 ) during lactation than at parturition. This resulted in ewes fed RES during gestation having the greatest (P ≤ 0.03) proportional stomach complex, total GI tract, and large intestinal masses at d 20 of lactation, with CON being intermediate (P ≤ 0.03), and HIH being least (P ≤ 0.01). Proportional liver mass (Table 3 ) increased (P < 0.001) for RES ewes but decreased (P = 0.01) for HIH ewes during early lactation, so that liver mass (g/kg EBW) was greater (P ≤ 0.003) for ewes fed RES during gestation than CON or HIH. This disproportionate GI tract growth indicates both a potential increase in the ability to acquire nutrients and an increased nutrient demand of visceral tissues in relation to body size, which may have decreased metabolic effi ciency and negatively affected ewe BW gain (Meyer et al., 2010b) .
Ewe pancreatic mass (P = 0.03; Table 2 ) and proportional mass (P = 0.004; Table 3 ) increased from parturition to d 20 of lactation in the present study. Increased pancreas size during lactation may be due to the large increase in DMI for previously RES-and CONfed ewes (Harmon, 1992) . Additionally, pancreas mass is related to production of pancreatic enzymes (Swanson et al., 2002; Swanson et al., 2008) , thus an increase in pancreas mass is plausible during the increased metabolic activity of early lactation.
Intestinal Mass and Growth Indices
Small intestinal growth was infl uenced by nutritional plane during gestation and necropsy stage, although Se supply also altered the small intestine. Total small intestinal and duodenal masses (Table 2) were affected by the interactions of nutritional plane during gestation × necropsy stage (P ≤ 0.02). Additionally, the interaction of Se supply × necropsy stage affected both total small intestinal (P = 0.09) and jejunal masses (P = 0.03; Table 2 ). The main effect of nutritional plane (P = 0.03) also infl uenced jejunal mass, where ewes fed the HIH nutritional plane during gestation had greater (P = 0.02) jejunal mass compared with RES and CON. Proportional small intestinal, duodenal, and ileal masses (g/kg EBW; Table 3 ) were affected by the interaction of nutritional plane × necropsy stage (P ≤ 0.01). Small intestinal and ileal proportional masses were also impacted (P ≤ 0.02) by gestational Se supply, where ewes fed ASe diets had greater small intestinal and ileal masses than HSe. Additionally, the main effect of nutritional plane during gestation (P = 0.01) affected jejunal proportional mass (Table 3) . Ewes fed the RES nutritional plane had greater (P ≤ 0.009) jejunal mass (g/kg EBW) compared with CON and HIH.
Jejunal mucosal density (Table 4 ) was affected by the interaction of nutritional plane during gestation × necropsy stage (P = 0.05) and main effect of gestational Se supply (P = 0.06). Ewes fed the HSe diet during gestation had greater jejunal mucosal density than ASe.
The interaction of nutritional plane × necropsy stage affected jejunal mucosa RNA concentration (P = 0.02) and RNA:DNA (P = 0.06; Table 4), whereas the interaction of gestational Se supply × necropsy stage impacted (P = 0.10) jejunal mucosal DNA concentration (Table 4) . Gestational Se supply and nutritional plane interacted to affect jejunal mucosal protein concentration (P = 0.02; Table 4 ) and protein:DNA (P = 0.07; Table  4 ). Within ewes fed the ASe diet, HIH had greater protein (P = 0.04) and protein:DNA (P = 0.07) than CON. Among HSe-fed ewes, CON had greater (P < 0.10) protein compared with RES and HIH, whereas there were no differences (P > 0.14) in protein:DNA. Additionally, both protein and protein:DNA were greater (P ≤ 0.04) for ewes fed HSe-CON than ASe-CON.
Jejunal mucosal total DNA content (Table 4 ) was infl uenced (P = 0.04) by nutritional plane during gestation and followed jejunal mass, where HIH ewes had greater (P < 0.04) DNA compared with RES and CON. Additionally, the interaction of Se supply and nutritional plane affected (P = 0.02) total protein content (Table 4) . Within ewes fed the ASe diet, HIH had greater protein than RES and CON. Protein content was also greater (P < 0.08) for HSe-CON compared with both HSe-RES and ASe-CON.
The interaction of nutritional plane during gestation × necropsy stage affected jejunal percent cell proliferation (P = 0.002; Table 5 ) and total proliferating mucosal cells (P = 0.005; Table 5 ). Total jejunal mucosal cell number (Table 5 ) was impacted (P = 0.09) by the interaction of gestational Se supply × nutritional plane. Within the ASe diet, CON ewes had fewer (P = 0.09) jejunal cells than RES and HIH, whereas on the HSe diet, HIH had more (P = 0.03) than RES. Also, jejunal cell number was greater (P = 0.07) for ASe-RES compared with HSe-RES ewes.
Parturition. The small intestine was impacted by both nutritional plane and Se supply during gestation, similarly to previous reports (Reed et al., 2007; Carlson et al., 2009) . At parturition, ewes fed the HIH nutritional plane had greater (P ≤ 0.002) small intestinal mass (Table 2 ) than RES and CON. This was not proportional for all small intestinal sections, however. Ewes fed the CON and HIH nutritional planes had greater (P ≤ 0.04) duodenal mass (Table 2 ) than RES at parturition, whereas jejunal mass (Table 2) followed total small intestinal mass at both necropsy stages (P < 0.05) and ileal mass (Table 2 ) was unaffected by nutritional plane. Small intestinal mass in ewes remained proportional to EBW overall, and at parturition there were no differences (P ≤ 0.23) in proportional total small intestinal mass (Table  3) due to nutritional plane during gestation.
Contrary to previous observations (Reed et al., 2007; Carlson et al., 2009) , decreased (P ≤ 0.01) mucosal density (Table 4 ) was evident at parturition in ewes fed a RES nutritional plane. Mucosal tissue has the greatest oxygen consumption of the small intestine (McBride and Kelly, 1990); therefore, RES ewes were potentially conserving energy with decreased mucosal density. Jejunal mucosal concentrations of RNA and RNA:DNA (Table 4) were greater (P ≤ 0.007) for CON-fed ewes, indicating increased intestinal hypertrophy compared with their counterparts. Combined, these data indicate that jejunal mucosal cells of RES ewes experienced less growth than those of CON. Although increased hypertrophy, and thus increased RNA concentration, may also be expected for ewes fed a HIH nutritional plane, the absence of an increase in mucosal density is supported by the similar RNA concentration of CON and HIH. This suggests that the greater intestinal mass of ewes fed a HIH nutritional plane may not have originated in the mucosal tissue but in the submucosa and muscularis layers.
In agreement with previous research in gestating ewes near term (Reed et al., 2007; Carlson et al., 2009; Caton et al., 2009) , differences in small intestinal mass at parturition were not accompanied by altered percent jejunal cell proliferation (Table 5 ) in the present study (P > 0.17). At parturition, ewes fed the HIH plane of nutrition had a greater (P ≤ 0.04) number of proliferating jejunal mucosal cells (Table 5) than RES and CON, but this was driven by tissue mass and not relative proliferation. The similarity of proliferative cell concentration suggests that changes in crypt cell proliferation to alter small intestinal mass occurred earlier during ewe adaptation to nutritional plane. Previous work in growing ruminants has demonstrated that small intestinal adaptation to altered nutritional plane may occur as soon as 5 (Rompala and Hoagland, 1987) , 7 (Burrin et al., 1992; Burrin et al., 1990) , or 14 d (Drouillard et al., 1991) after diet changes.
Feeding HSe during gestation resulted in decreased (P = 0.006) total small intestinal mass (Table 2) at parturition, in contrast to previous work in our laboratory in which high Se diets had either had no effect (Neville et al., 2008; Carlson et al., 2009) or increased mass (SotoNavarro et al., 2004; Reed et al., 2007) . Although jejunal and ileal mass (Table 2) mirrored (P = 0.04) the observed change of total small intestinal mass in the present study, Se supply did not affect (P > 0.19) jejunal cellularity (Table 4) or proliferation (Table 5) . Conversely, jejunal mucosal density (Table 4) Within an item, main effect means differ (P < 0.10).
w-z Within an item, interactive means differ (P < 0.10). SEM for parturition (n = 37) and lactation (n = 42).
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Probability values for Se supply (Se), nutritional plane (Nut.), physiological stage at necropsy (Stage), and 2-way interactions. The interaction of Se × Nut. × Stage was also included in the model but was not signifi cant (P ≥ 0.12). Bold, italic P-values are greatest order interactions or main effects for each item.
fi nishing steers (Soto-Navarro et al., 2004) , and either decreased (Neville et al., 2008; Carlson et al., 2009) or increased (Soto-Navarro et al., 2004) DNA concentration. Differences among these studies, the current study, and another study with no observed Se response (Reed et al., 2007) are diffi cult to interpret but may be due to differences in Se source used in each study. Selenium sources have elicited different responses in the gestating ewe intestine (Neville et al., 2008) , although organic Se (high Se wheat, Se-enriched yeast, or selenomethionine) was the only Se source in all studies except for that of Neville et al. (2008) . Also, in contrast to previous studies, diets in the present study had similar calculated ME but different starch and fi ber content (Table 1 ). These differences and the resulting end-products of ruminal fermentation (e.g. undigested starch or fi ber, butyrate) may have contributed to observed small intestinal responses (Jin et al., 1994; Claus et al., 2007) .
Lactation. Small intestinal masses (Table 2) of ewes from all gestational treatments increased (P ≤ 0.02) during early lactation, resulting in no difference in mass (P = 0.59) at d 20 due to previous nutritional plane or Se supply. This is in agreement with previous work in dairy cows, where small intestinal mass increased from late gestation to early lactation and was greater at d 22 of lactation compared with d 10 . Additionally, in rodents, small intestinal mass increases up to 200% during lactation and is correlated to litter size and thus lactational demand, before reverting back to prelactation mass postweaning (Hammond, 1997) . Previous researchers have generally not controlled for intake, however, which confounds results. Although it is diffi cult to separate the effects of nutritional plane and physiological state, data from ewes fed a HIH nutritional plane in the present study can help to distinguish these effects. These ewes also experienced an increase in small intestinal mass, despite only a 7.5% increase in DMI from d 138 of gestation to d 20 of lactation (compared with 61.5% for CON and 137.5% for RES; Meyer et al., 2010a) , suggesting that factors other than intake acted independently.
Small intestinal growth, like other GI tract organs, was disproportionally large during lactation compared with ewe BW gain. By d 20 of lactation, total small intestinal proportional mass (Table 3 ) was greatest (P ≤ 0.006) for RES, intermediate (P ≤ 0.03) for CON, and least (P ≤ 0.03) for HIH. As previously discussed, this has many potential tissue and whole-animal repercussions.
Jejunal mucosal density (Table 4 ) and percent cell proliferation (Table 5 ) increased (P ≤ 0.004) postpartum for ewes that were RES-or CON-fed during gestation, which allowed there to be no differences (P > 0.31) in small intestinal mass at d 20 of lactation. Additionally, jejunal RNA concentration and RNA:DNA ratio (Table 4) increased (P = 0.02) for RES ewes during early lactation, and on d 20 there were no differences (P > 0.48) in RNA concentration or RNA:DNA due to previous nutritional plane. Although there were no differences (P > 0.13) due to treatment at either physiological stage, DNA concentration (Table 4 ) decreased (P < 0.001) during early lactation in the jejunal mucosa of ewes fed HSe. Protein:DNA, total RNA, and total protein (Table 4) were also affected by necropsy stage, where the ratio was greater (P ≤ 0.05) during early lactation than at parturition. Taken together, these data suggest that ewes fed a RES nutritional plane during gestation demonstrated a hypertrophic increase in mucosal cell size to increase small intestinal mass. In rodent studies, both hypertrophy and hyperplasia have been implicated in increased small intestinal mass of lactation, although most of this has been localized to the mucosal layer (Hammond, 1997) .
After being transitioned to similar diets, ewes fed the RES and CON nutritional planes during gestation had increased (P < 0.05) jejunal percent cell proliferation in early lactation compared with samples at parturition. Thus, on d 20 of lactation, percent cell proliferation was greatest (P ≤ 0.007) for RES, intermediate (P ≤ 0.09) for CON, and least (P ≤ 0.09) for HIH. Ewes fed a RES nutritional plane during gestation also had a greater (P ≤ 0.05) number of proliferating cells (Table 5 ) compared with CON and HIH during early lactation. Because jejunal percent cell proliferation remained different during early lactation (RES > CON > HIH), the small intestine may have still been experiencing compensatory growth at d 20, despite having reached similar masses.
Jejunal Vascularity and Angiogenic Factor Expression
Responses of maternal small intestinal vascularity to nutritional plane during gestation have been variable in previous studies (Scheaffer et al., 2004a; Reed et al., 2007; Carlson et al., 2009; Caton et al., 2009) . In the present study, capillary area density, capillary surface density, and total jejunal vascularity (Table 5) were impacted (P ≤ 0.04) by the main effect of nutritional plane during gestation. Ewes fed the RES nutritional plane had less (P = 0.01) capillary area density than HIH and less (P ≤ 0.03) capillary surface density than CON and HIH. Additionally, when total vascularity was determined, ewes fed a HIH nutritional plane had greater (P ≤ 0.005) total jejunal vascularity than RES and CON. Overall, jejunal vascularity of ewes fed a RES nutritional plane was reduced, indicating a possible decrease in nutrient delivery to and from the intestine. Differences noted between this and previous studies may be due to maternal age, as mature dams seem able to increase vascular concentration to retain similar total vascularization to control ewes (Scheaffer et al., 2004a) .
Although previous research has demonstrated no effects of increased Se intake during gestation on ewe intestinal vascularity (Reed et al., 2007; Neville et al., 2008; Carlson et al., 2009) , the interaction of gestational Se supply × necropsy period affected (P = 0.04) jejunal area per capillary (Table 5 ). At parturition, there was no difference (P = 0.54) in capillary size due to Se treatment. Ewes fed the HSe diet during gestation had greater (P = 0.04) jejunal capillary area than ASe on d 20 of lactation, however. Capillary number density (Table 5 ) was also affected (P = 0.08) by Se supply × necropsy stage, but no differences (P > 0.11) were detected among interactive means.
Selenium has previously been implicated in the reduction of cancerous tumor growth and angiogenesis (Zeng and Combs, 2008) , but limited research has investigated this in ruminants. Jejunal vascularity of fi nishing steers was reduced with a similar amount of supranutritional Se (Soto-Navarro et al., 2004) , supporting a hypothesis that capillary size was suppressed under the infl uence of HSe and therefore increased after HSe removal.
Small intestinal vascularity was less responsive to lactation and its corresponding change in diet than intestinal growth indices. Despite this, capillary area density or jejunal concentration of blood vessels decreased (P = 0.04) during early lactation. Intestinal vascularity has previously increased during pregnancy (Scheaffer et al., 2004a) and from mid to late gestation Meyer et al., 2010b) , suggesting that intestinal vascularization is responsive to the increased demands of the growing conceptus. Capillary area density is highly dependent upon small intestinal tissue area; therefore, vascular tissue may have been diluted by the increase in small intestinal mass if angiogenesis and vascular branching increased at a slower rate than intestinal proliferation. Still, greater small intestinal mass made up for the decrease in vascular tissue concentration as total vascularity was similar (P = 0.84) for ewes at parturition and d 20 of lactation.
Angiogenesis, or the formation of new blood vessels from present vasculature, is a highly regulated process controlled by many angiogenic growth factors (Aron and Anthony, 2004) . Vascular endothelial growth factor is one of the most potent angiogenic factors, which acts through its receptors, FLT1 and KDR, to promote vascular endothelial cell survival, proliferation, migration, and permeability (Ferrara, 2004; Takahashi and Shibuya, 2005) . Nitric oxide, produced by NOS3 from the substrate arginine, increases blood fl ow through vasodilation, increased vascular permeability, and stimulation by VEGF production. These actions result in part from cyclic guanosine monophosphate, which is produced by GUCY1B3 after binding of NO (Martin et al., 2001; Roy et al., 2006) . Messenger RNA expression of VEGF and NO systems has previously been confi rmed in the ovine small intestine (Holmes et al., 2008; O'Neil et al., 2008; Neville et al., 2010) , indicating that these systems likely play a role in regulation of angiogenesis in the ruminant small intestine.
The interaction of Se supply × nutritional plane × necropsy stage affected VEGF (P = 0.09; Figure 1 ) and NOS3 (P = 0.05; Figure 2 ) mRNA expression in jejunal mucosa. Jejunal VEGF mRNA expression was greater (P ≤ 0.01) for ASe-HIH ewes than all other treatments, except ASe-RES, at parturition. Expression of VEGF in both ASe-RES and ASe-HIH ewes decreased (P ≤ 0.01) by d 20 of lactation, when Within an item, main effect means differ (P < 0.10).
x-z Within an item, interactive means differ (P < 0.10).
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Jejunal mucosal mRNA expression of vascular endothelial growth factor (VEGF), VEGF receptor-1 (fms-related tyrosine kinase 1, FLT1), VEGF receptor-2 (kinase insert domain receptor, KDR), endothelial nitric oxide synthase 3 (NOS3), and soluble guanylate cyclase (GUCY1B3; nitric oxide receptor). there were no differences (P > 0.20) due to gestational treatments. At parturition, jejunal NOS3 mRNA was greater (P ≤ 0.02) for ASe-HIH compared with all other treatments, and expression of NOS3 decreased (P = 0.003) in ASe-HIH ewes from parturition to d 20 of lactation. Within ewes fed HSe during gestation, HIH had greater (P = 0.10) NOS3 mRNA expression than RES during lactation. Jejunal mucosal FLT1 mRNA expression (Table 6 ) was affected by the interaction of nutritional plane × necropsy stage (P = 0.08) and Se supply × necropsy stage (P = 0.004). At parturition, RES (P = 0.01) and HIH (P = 0.08) had greater FLT1 than CON, which implicates the VEGF system in intestinal adaptation to altered nutritional plane during gestation. Ewes fed ASe had greater (P = 0.003) FLT1 compared with HSe, suggesting that contrary to previous reports (Neville et al., 2010) , supranutritional Se suppressed expression of angiogenic factor mRNA during gestation. Jejunal expression of FLT1 decreased (P ≤ 0.03) from parturition to d 20 of lactation for RES, HIH, and ASe; thus, there were no differences (P > 0.25) during lactation.
Nutritional plane impacted (P = 0.10) jejunal mucosal KDR mRNA expression (Table 6 ), where HIH ewes had greater expression than RES. This mirrored capillary area density and capillary surface density, and followed nutritional plane, suggesting that magnitude of vascularity of the small intestine was mediated by KDR, rather than VEGF. Conversely, gestational nutrient restriction has had opposite effects on intestinal vascularity and angiogenic factor expression in a previous study (Reed et al., 2007; Neville et al., 2010) . Confl icting results may have been caused by the 2 physiological stages investigated in the current study, as nutritional plane did not interact with stage to effect KDR expression. Sustained delivery of VEGF to tissueengineered intestine increased vascular epithelial cell proliferation and capillary density in vitro (Rocha et al., 2008) , which supports the hypothesis that VEGF system upregulation would result in increased vascularity observed in the present study.
Additionally, jejunal expression of VEGF, FLT1, and GUCY1B3 mRNA (Table 6 ) decreased (P ≤ 0.06) from parturition to d 20 of lactation, similarly to capillary area density, implicating both the VEGF and NO systems in intestinal vascular changes associated with the transition to lactation. Because the intestine was growing during this period, it is somewhat surprising that angiogenic factor expression was not upregulated. Further study throughout lactation may help to explain this, however, as mRNA expression of the VEGF or NO systems may occur earlier or later than d 20 of lactation.
Whole Animal Implications
The GI tract and liver use at least 40 to 50% of whole animal energy expenditure (Ferrell, 1988; Johnson et al., 1990) , in addition to accounting for up to 70% of the heat increment over maintenance ME use (Johnson et al., 1990) . Therefore, the GI tract uses many of the nutrients it acquires from feedstuffs, as well as much of the oxygen supplied to the body. The primary drivers of these demands are ion transport by Na+, K+-ATPase, and protein turnover (synthesis and degradation) of GI tissues and secretions (McBride and Kelly, 1990) . As nutritional plane and physiological state interact to affect GI mass (and thus, turnover) and Na+ and K+-ATPase activity, energy and nutrient requirements of the animal can be greatly affected. Additionally, vascularity of the small intestine is imperative for nutrient transport, and, in fact, the small intestine contains 10 to 15% of resting cardiac output (Lundgren, 1984) . Thus, alterations in angiogenesis and vascularization along with expression of their key regulators, the VEGF and NO systems, likely have production implications.
The effects of gestational nutrition on GI tract size and function are particularly important because of their potential effects on nutrient availability to offspring both prenatally and postnatally. Fetal nutrient supply is a function of maternal intake, absorption, and utilization. Therefore, the ability of the maternal GI tract to acquire nutrients, along with its concomitant nutrient and energy demands, impacts nutrient supply to the fetus. For example, lambs born to ewes fed a RES nutritional plane in the present study had reduced birth weights and postnatal growth (detailed in Meyer et al., 2010a) .
Proper and effi cient function of the GI tract is essential to nutrient delivery to both the fetus during gestation and the mammary gland during lactation. The latter involves a multitude of metabolic and hormonal changes, many of which involve the GI tract, which aid in the homeorhetic shift from fetal development to milk production (Bauman and Currie, 1980; Bell, 1995) . Thus, periparturient changes in the GI tract are also necessary to support the lactation potential of the dam, and hence, nutrient supply to offspring.
Changes in proportional organ mass during lactation indicate that ewes with increased intake during lactation (RES and CON) had greater visceral organ mass relative to body size, implying not only a greater potential capacity for nutrient acquisition, but also greater potential for GI tract energy expenditure. Thus, it was not surprising to observe that ewes fed a RES nutritional plane during gestation had decreased milk production (weight, volume, and total nutrients; Meyer et al., 2011) during the fi rst 20 d of lactation, despite a lack of BW or body composition change (Meyer et al., 2010a) . This decreased potential nutrient supply for offspring may have been caused by the inability of the GI tract to compensate for its decreased mass and function due to restriction during gestation. Alternatively, even though more nutrients may have been available to ewes, growth of the GI tract is an energy-and nutrient-demanding process; thus, the additional nutrients may have been partitioned to growing and maintaining the GI tract rather than toward milk production, skeletal growth, or adipose deposition.
In addition, the nonspecifi c increase in nutrient absorption assumed to result from increased intestinal mass gives no indication of individual nutrient transport capabilities that may have been altered through more specifi c means (Ferraris, 1994; Buddington, 2002) . Alterations of specifi c nutrient transporter number occur due to nutrient intake and body composition (Ferraris, 1994) , as well as during lactation (Hammond, 1997) ; thus, it is likely that this type of intestinal adaptation was occurring in ewes in the current study as well.
Conclusions
Data from the present study demonstrate the dynamic nature of the GI tract, and especially small intestine, under different nutritional infl uences in the gestating and lactating ruminant. Little is known about the ruminant small intestine during gestation and lactation, or its transition during early lactation. Because of its relationship with offspring nutrient supply, it likely plays a major role in growth and development of offspring, both prenatally and postnatally. Further research will allow better understanding and development of management strategies to manipulate the maternal GI tract and small intestine for optimal dam and offspring performance.
